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LacZ expression in growing cells
Downstream fusion of the reporter gene lacZ coding for β-galactosidase to the promoter region of a structural gene is a frequently used technique to study the expression of the gene. The rate of transcription, inferred from the β-galactosidase activity of the cells, is equated to 'intrinsic promoter strength' but, more importantly, also measures the action of cis-and trans-acting elements involved in induction and/or repression of the gene. In a recent contribution to this platform Pessi (Pessi et al., 2001) critically reviewed potential pitfalls related to the construction of transcriptional and translational fusions to make sure that the reporter β-galactosidase 'reports rather than makes the news'. In this contribution we discuss another source of misinterpretation, being that promoter fusions are evaluated in growing cells, usually in the exponential phase in batch culture. A first consequence is that the rate of transcription is not the same as the level of expression, and a second is that it takes some time for the level of expression to reach a steady-state value. Though different aspects of this have been discussed in the literature (e.g. Wolf 1985), we feel that there is not a general awareness of these consequences in the literature. In the following, we present a model for the kinetics of expression of a protein in exponentially growing cells that in a simple way demonstrates the difference between transcription rate and level of expression, and accounts for the pre-steady-state period. Then we will give three examples that focus on different aspects of the effect of growth on the evaluation of lacZ-promoter fusions.
A model for the time dependence of expression during exponential growth
In exponentially growing cells the steady-state concentration of β-galactosidase in the cells is determined by the synthesis rate and the dilution rate over newly synthesized cells, or the growth rate of the cells. In each cell the synthesis rate is constant and, therefore, the rate of synthesis in the culture will be proportional to the number of cells, which increases exponentially, i.e. 
where p is the synthesis rate per cell, N 0 the cell density at the beginning of the exponential growth phase, t is the time and µ the growth rate constant. In this approach, we have ignored any breakdown of β-galactosidase, which is probably slow anyway. The time dependence of the β-galactosidase concentration in the culture follows from integration of equation 1. In batch culture, it is unlikely that the level of expression at the beginning of growth is the same as the steady-state level (see for example Rygus & Hillen, 1991) as the cultures are usually inoculated with cells from the stationary growth phase ('overnights') or with 'uninduced' cells. In the latter case, the β-galactosidase concentration in the inoculate is zero and integration yields
Normalizing to the amount of cells (N) present at any time point during growth results in the expression for the cell-specific β-galactosidase concentration ) (
The time t lag was introduced to account for the lag time that precedes exponential growth in a real experiment. The initial condition of zero β-galactosidase ignores the synthesis of any β-galactosidase during the lag time. Equation 3 shows that the β-galactosidase concentration in the cell reaches a steady-state concentration p/µ after enough time has elapsed to make e (tt lag ) » 1. Importantly, the steady-state concentration depends both on the synthesis rate p and the growth rate µ. The time dependence of the process by which the synthesis rate and the dilution rate over the new cells are balanced (the pre-steady-state) only depends on the growth rate.
Pre-steady state expression of β-galactosidase
The Mg 2+ -citrate transporter CitM is the principal citrate transporter of Bacillus subtilis.
Expression of citM is induced by citrate and repressed by glucose, and other sugars and nonsugars present in the medium (this thesis). Repression is mediated by carbon catabolite repression (CCR). The B. subtilis strains CM002 and CM010 contain a transcriptional fusion of the citM promoter region and the lacZ reporter gene. Strain CM002 is the wildtype background, while CM010 is deficient in CcpA, a central component of CCR in B. subtilis (Henkin 1996) . The deficiency results in relief of CCR-mediated repression. CSE minimal medium containing citrate was inoculated with a preculture of the strains grown in the absence of citrate and, therefore, completely devoid of any β-galactosidase activity (Fig.  1A) . In both strains, the β-galactosidase activity expressed per cell density increased gradually during the exponential growth phase and reached a maximum when entering the stationary phase. Clearly, inferring promoter activity from the level of expression would significantly depend on the time point of sampling. Fitting of the data from the exponential growth phase to equation 3 gave satisfactory results (regression coefficients of R = 0.99 and R = 0.98 for strains CM002 and CM010, respectively), indicating that the data is well described by the simple model presented above (Fig. 1B) . It follows that the β-galactosidase synthesis rates in the two strains were constant during the exponential growth phase. The increase in cell-specific β-galactosidase merely reflects the pre-steady-state period of the expression in the cells and is an intrinsic property of the system. The analysis allows for a reliable estimate of the difference in promoter activity in the two strains that is independent of the time point at which the expression was measured. The fit revealed that the β-galactosidase synthesis rate p was 3.6 times higher in strain CM010 than in strain CM002. Assuming that the difference is completely caused by the relief of CCR in the CcpA deficient CM010 strain, this would correspond to a repression of 72% in the wild-type strain during exponential growth on CSE medium.
β-Galactosidase expression at different growth rates
Growth of B. subtilis strain CM010 in LB medium is three times faster than growth in minimal CSE medium. The steady-state level of cell-specific β-galactosidase activity in the exponential growth phase (between ~1 and 3 h) was accordingly reached faster, in (Fig. 2A) . Again, a reasonable fit of the data to equation 3 was obtained (R = 0.97) indicating a constant rate of β-galactosidase synthesis during exponential growth. The steady-state level of expression of β-galactosidase, p/µ was fitted to be 10 Miller units, which was five times lower than observed during growth on minimal CSE medium. Importantly, the β-galactosidase synthesis rates, p, differed only by a factor of 1.5. Following this analysis, one might argue that a constant level of expression observed at different growth rates is the result of strict regulation of the rate of transcription by the growth rate; the level of expression is independent of the growth rate when p is proportional to µ. In contrast, an inverse relation between the level of expression and growth rate, as observed here, would be indicative of a growth-rate-independent rate of transcription (Wolf 1985) . Such considerations may be helpful when discussing growth-rate-dependent expression (Li & Cronan, 1993; Park et al., 1995a Park et al., , 1995b Marini et al., 2001; Tseng et al., 2001) and, at least, show the importance of careful use of terminology. At any time, it should be kept in mind that the rate of transcription is a complex parameter containing many different contributions. 
β-Galactosidase expression and growth phase
The dominant effect of growth on the evaluation of lacZ-promoter fusions is nicely demonstrated when mRNA levels and protein levels are compared in CM010 cells from the mid-exponential and the early-stationary growth phase in LB medium. In the stationary growth phase, the level of mRNA in the cells as determined by RT-PCR was significantly lower than observed in the exponential growth phase (Fig. 3A) . This situation may arise from a lower rate of transcription, increased messenger instability or a combination of these. Many effects may cause the lower rate of transcription, i.e. a change in the energetic state of the cells, inactivation of the transcription machinery, reduced induction (e.g. depletion of the inducer during growth), or down regulation of transcription. Surprisingly, the cell-specific β-galactosidase activity was a factor of 3.4 higher in the cells from the stationary phase than in the cells from the exponential growth phase (Fig. 3B) . Measurement of the Mg 2+ -citrate transporter uptake activity in the same cells revealed an increase of a factor of six, indicating that the increase is not an artefact of the lacZ reporter gene fused behind the citM promoter region (Fig. 3C ). The paradoxical relationship between the decreased mRNA level and increased protein levels should be analyzed in the context of the almost complete lack of growth of the cells in stationary phase. Then, the decreased rate of protein synthesis from the lower amount of mRNA may still exceed the very low, if any, rate of dilution caused by cell division, resulting in a net increase of protein content per cell. While the rate of transcription goes down, the level of expression goes up. Importantly, changing levels of expression when cells shift from the exponential to the stationary growth phase as observed here do not necessarily indicate (a change in) regulation of expression by trans-acting elements.
Conclusion
In growing cells, the rate of transcription is not the same as the level of expression. The latter is determined by both the rate of transcription and the growth rate. The model presented in equation 3 (above) gives a quantitative account of the relation between rate of expression and level of expression and indicates that the pre-steady state of expression is solely dependent on the growth rate. Two questions should be kept in mind when analyzing lacZ-promoter fusions by measuring the specific β-galactosidase activity of the cells. One: has the expression level reached the steady-state value? Occasionally, the exponential growth phase in batch culture may be too short to reach the steady state. Then, the steadystate level follows from extrapolation of the levels of expression during the exponential growth phase using equation 3. Two: when comparing β-galactosidase activities, are the growth rates in the two situations the same? If not, expression levels should be corrected for the growth rates to make a reliable comparison between the transcription rates. In conclusion, reliable evaluation of lacZ-promoter fusions requires measurement of the time course of β-galactosidase activity during the exponential growth phase and the growth rate.
